Optical emission and infrared spectroscopy have been used to study the reactions of nitrogen atoms with silane introduced into the afterglow of an atmospheric-pressure helium-nitrogen plasma. Our experimental observations show that the direct reaction between silane and ground-state nitrogen atoms is slow, with an estimated rate constant no greater than 4 × 10 −16 cm 3 s −1 , which is 2 × 10 2 -3 × 10 5 times lower than the values previously reported. Using numerical modelling based on the spectroscopic measurements, we propose that silane dissociation occurs via a two-step process in which energy is first transferred to the molecule from vibrationally excited N 2 and then the activated species collides with N atoms to form SiH 3 and NH. A kinetic model has been developed that allows one to predict the distribution of gas-phase intermediates generated in a remote plasma-enhanced chemical vapour deposition process for silicon nitride.
Introduction
Silicon nitride films have a variety of front-end applications in ULSIC manufacturing, including spacers, interlayer dielectrics, diffusion barriers, and novel gate-dielectric stacks [1] [2] [3] [4] . For these applications, it is critical that the thermal budget be minimized and that there be no UV or ionbombardment damage of the transistors. A process showing promise for achieving these goals is remote plasma-enhanced chemical vapour deposition (R-PECVD). Here, the substrate is placed downstream of the discharge, so that it is not directly exposed to the ions and plasma emission. By introducing the silicon precursor into the plasma effluent, the process becomes dominated by the neutral chemistry occurring in the afterglow as well as on the substrate surface.
The R-PECVD of silicon nitride in a helium-nitrogen atmospheric-pressure plasma has been examined in the previous study [5] . Film characteristics different from those achieved in low pressure nitrogen-silane systems were observed. These included a faster deposition rate, good conformality, and hydrogen bonding arrangements favouring nitrogen over silicon. It is generally accepted that the lowpressure process is primarily a surface-dominated process, with little gas-phase chemistry [6] [7] [8] .
The differences observed in the previous study are attributed to the increased importance of gas-phase reactions at 1 atm, which produce NH x or Si x N y H z radicals. These species make the atmospheric-pressure N 2 -SiH 4 system more like an ammoniasilane R-PECVD process.
The dominant intermediate produced by the heliumnitrogen plasma is ground-state nitrogen atoms, N( 4 S) [9, 10] . The concentration of this species in the afterglow is several orders of magnitude higher than that of the electronically excited N 2 molecules (A, B and C states). It would seem logical to conclude that the high-pressure deposition process would be initiated by a reaction between N atoms and silane. However, a review of the literature reveals a large discrepancy in the rate of the reaction between these species. Aubreton et al [11] believed that the rate constant for this reaction was extremely high, 1.45 × 10 −10 cm 3 s −1 . A pure nitrogen dc plasma at 0.2-0.4 Torr was used as the N atom source in this study along with mass spectroscopy to monitor the reaction kinetics. These authors assumed that vibrationally excited molecular nitrogen, N 2 (X, v), was quenched by an N 2 buffer gas fed into the afterglow. On the other hand, Piper and Caledonia [12] obtained dramatically different results. They did not observe any evidence of reaction between N( 4 S) and silane and gave a maximum rate constant over three orders of magnitude lower than quoted by Aubreton. They stated, however, that an alternative reaction appeared possible in which energy was transferred from N 2 (X, v) to silane prior to N-atom attack.
In this paper, we report our findings on the reactions of silane in the afterglow of an atmospheric-pressure heliumnitrogen plasma. Optical emission spectroscopy (OES) and infrared (IR) absorption spectroscopy have been used to characterize the plasma and monitor the extent of silane conversion in the afterglow. Our results support the findings of Piper in that there appears to be no reaction between N( 4 S) and silane without first energy transfer from vibrationally excited N 2 .
Experimental methods
The plasma source used in these experiments has been described previously [13] . A schematic of the source is shown in figure 1 . It consisted of two parallel electrodes made of aluminium and separated by a gap 1.6 mm across. The upper electrode was 2.2 × 10.2 cm 2 and was connected to a radio frequency (RF) power supply (13.56 MHz) . An aluminium plate, 10.2 × 10.2 cm 2 , was placed downstream of the upper electrode. The lower electrode, measuring 10.2 cm in width and 16.4 cm in length, was grounded and cooled with chilled water. The sides of the gap parallel to the flow direction were sealed with sapphire windows so that IR spectra of the gas could be recorded. The operating conditions of the plasma were fixed at 747.0 Torr He, 13.0 Torr N 2 , 40.7 litre min −1 (measured at 20˚C and 1 atm), and 180 W (12 W reflected). All gases entering the system were first passed through oxygenabsorbing purifiers (Matheson Gas Products, 6413).
Silane, at 5.0 vol% in helium, was introduced into the afterglow through one of two linear arrays of 50 holes, each 0.79 mm in diameter. The arrays were located 3 and 14 mm from the plasma discharge boundary, across the width of the lower grounded electrode. These will hence be referred to as the upstream and downstream inlet arrays. The silane mixture, 0.025 to 0.14 total litre min −1 , was combined with 1.1-1.4 litre min −1 make-up helium to raise the linear velocity out of the holes to 1.0 m s −1 . The additional helium greatly increased the rate of silane mixing in the channel. A 0.84 mm rod was placed within 1 mm downstream of whichever array was in use to further improve the mixing. IR spectroscopy was used to obtain the silane absorption spectra along the channel. This was done initially without the plasma ignited to examine the mixing of silane. These results showed that the silane spectra features were constant at distances 4.5 mm downstream of the inlet array. A numerical model of the afterglow was developed using the CFD-ACE software package [14] . The model included all relevant mass and momentum transport phenomena. Shown in figure 2 The methods used to characterize the nitrogen species in the plasma and the afterglow have been described in more detail elsewhere [9, 10] . Briefly, a monochromator (Instruments S.A., Triax 320) equipped with a charge-coupled device (Instruments S.A., CCD-3000) and photo-multiplier tube (Hamamatsu, R928P) was positioned at the outlet of the discharge. In the plasma, the concentrations of N 2 (B), vibrational levels 0 to 12, and N 2 (C), vibrational levels 0 to 4, were determined from the intensities of the emission bands measured with the CCD and using known Einstein coefficients [10] . The CCD detector was calibrated with a standard tungsten lamp (Oriel, 63976). The transient decay of the N 2 (B) and N 2 (C) emission after turning the plasma off was measured with the PMT and an oscilloscope (Tektronix TDS 224). For these latter experiments, the RF power was delivered in 100 ms pulses with a 20% duty cycle. A power sampler monitored the voltage signal and triggered the oscilloscope. The initial state for these temporal decay profiles was set equal to the concentrations measured in the plasma with the CCD. Concentration profiles for N 2 (A, v = 0 and 1) were obtained from a material balance on the N 2 (C, v) species [10] .
The atomic nitrogen concentration was calculated from the transient intensities of the N 2 (B, v) signals using the following relation derived in the previous paper [9] :
where k recomb is the rate constant for the three-body recombination reaction
Figure 2. Simulation of silane mixing in the afterglow using the CFD-ACD program [14] . This is the primary consumption mode of nitrogen atoms in the afterglow. [9] . This method of obtaining the N-atom density from OES of the N 2 (B) state is well established [15] [16] [17] . Furthermore, in our earlier work we verified the N-atom predictions from equation (1) by comparison with nitric oxide titration [9] . This equation could not be used to characterize the N-atom density in the presence of silane as SiH 4 is a highly efficient quencher of N 2 (B) [18] . Consequently, the rate of the reaction between N( 4 S) and SiH 4 was examined using silane measurements. A Fourier-transform IR spectrometer (BioRad FTS-7) was used to monitor silane consumption in the afterglow. This technique has been used to measure silane and methane dissociation in plasma systems [19] [20] [21] . The IR beam from the spectrometer was passed between the two plates at various points along the afterglow. The spectra were collected with a mercury-cadmium-telluride detector at a resolution of 1 cm
and signal averaging of 16 scans. A 0.75 mm slit was placed between the plasma source and detector, resulting in a position resolution estimated to be ±1.5 mm. The procedure for taking the IR spectra was to take a single-beam scan of the He-N 2 mixture. Next, silane was added and another single-beam scan taken. These two spectra were used to construct a 'plasma off' silane absorbance spectrum. Next the plasma was ignited and a third spectrum taken, followed by a fourth with the plasma and silane turned off. These two single-beam spectra were combined to create a 'plasma on' absorbance spectrum. The purpose of the final scan was to eliminate any possible contributions from deposition on the windows. An ungrounded thermocouple was inserted into the afterglow to measure the temperature increase with the plasma at each scanning position.
Results and discussion

Nitrogen plasma characterization
Shown in figure 3 are the decay profiles for the nitrogen species with no mixing obstruction in place. The purpose of leaving out the obstruction was to illustrate how the intermediates decay as the gas travels from the plasma to the upstream and downstream silane inlet arrays. The temporal results obtained from the PMT are mapped onto the position scale by multiplying the time by an average linear velocity of the gas in the channel, which is constant without the obstruction in place. The concentrations at the plasma exit are as follows: 9.0×10 15 N 2 (B), and 8.0×10 10 cm −3 N 2 (C). The estimated accuracy of these measurements is ±20% for each species [10] . Clearly, atomic nitrogen is the dominant reactive intermediate in the plasma and afterglow. Its density is 10 2 -10 5 times that of the other species. Also, the N atoms decay slowly, falling only to 3 × 10 15 cm −3 at the downstream silane inlet array. This is due to the fact that the three-body recombination rate of the N atoms is much less than the quenching rate of N 2 (A), N 2 (B), and N 2 (C) [9, 10] .
It is important that the N atoms not be consumed by collisions with the mixing obstruction. This should not occur to a significant extent since the wall recombination coefficient is low, 8 × 10 −4 -3 × 10 −6 per wall collision [22] . The N-atom longevity was confirmed by examining the N 2 (B) concentration downstream of the obstruction. The N 2 (B) decay profiles taken with the obstruction in place had the same shape and features as those shown in figure 3 . If the N atoms were being consumed by wall collisions, the N 2 (B) concentration profile downstream of the obstruction would have been noticeably steeper, not stabilizing at ∼1×10 10 cm −3 .
Silane conversion measurements
IR absorption spectra of gas-phase silane are shown in figure 4 . The peak at ∼2190 cm −1 is due to the Q-branch of the SiH 4 v 3 mode [21, 23] . With the plasma off, the silane density in the duct 4.5 mm downstream of the inlet array is 4.2 × 10 15 cm −3 . This yields a v 3 peak height of approximately 0.085 abs. units. The height of this peak scales linearly with concentration over the range of silane flows used. When the plasma is turned on, the v 3 peak height decreases by 10.7%. After accounting for the small (<10 K) temperature increase with the plasma on versus off, this drop corresponds to a silane conversion of 8.2%.
For the silane conversion measurement to be valid, the IR spectrum must not be affected by reaction products generated in the afterglow. One species that could affect the vibrational data is Si 2 H 6 . Disilane is long lived and produces a broad absorbance peak at ∼2150 cm −1 [21, 24, 25] . Nevertheless, as shall be shown later, the disilane formed in the afterglow is over a factor of 4 below the detection limit of the apparatus.
Reactive SiH x radicals are difficult to detect by IR absorption, typically requiring high-resolution (>0.005 cm −1 ) laser diode spectroscopy [21, [26] [27] [28] . Consequently, we expect little contribution from these radicals in the silane vibrational spectrum.
Silane conversion profiles along the channel are shown in figure 5 . The conditions are 7 × 10 14 -4.2 × 10 15 cm
SiH 4 introduced through the upstream inlet array. The first feature of note is that there is no measurable rise in conversion with position from 4.5 to 50.0 mm. Rather, the conversion achieves a constant value within 4.5 mm downstream of the silane inlet array in each case. A second notable feature of the data in figure 5 is that the conversion values follow the SiH 4 concentration trend inversely, i.e. when the concentration is doubled, the conversion is halved. This trend is better illustrated in figure 6 , in which the amount of silane consumed for each inlet condition is shown. From this figure, it is clear that ∼3.1 × 10 14 cm −3 of silane is converted for every inlet condition examined. Finally, no reduction in the v 3 mode is observed either when no nitrogen is fed to the plasma or when the silane is introduced through the downstream silane inlet array.
Numerical modelling
A number of observations can be made from the experimental data presented thus far. From figures 5 and 6 we can see that the of SiH 4 and reaches completion within 4.5 mm of the upstream silane array. The species that silane is reacting with must be some form of nitrogen, as shown by the fact that no conversion is observed without any N 2 fed to the discharge. This eliminates the possibility of a helium species or unknown impurity being responsible for the silane reaction. It appears unlikely that the silane is directly reacting with N atoms. As shown in figure 3 , the decay rate of the nitrogen atoms is slow, only falling by a factor of 2 from the upstream to downstream silane inlet arrays. The concentration of the N( 4 S) at the downstream set of holes is 3 × 10 15 cm −3 , which is still higher than three of the four silane densities used in this study. Thus, almost no change in the silane conversion should occur upon switching its entry point from the upstream to the downstream inlet array. However, this is not observed experimentally as the conversion drops to below the detection limit upon feeding the SiH 4 14 mm beyond the N 2 discharge boundary.
Shown in figure 7 is the experimental silane conversion profile along with two profiles predicted by the CFD-ACE model with the reactions N + N + He → N 2 (B) + He (R 1 ) and N + SiH 4 → products (R 2 )
The two numerical profiles are obtained using the (R 2 ) rate constants obtained by Aubreton et al and Piper and Caledonia [11, 12] . The CFD model has been used in order to account for the mixing occurring in the flow system. The cases shown in figure 7 are with 1.1 × 10 15 cm −3 of silane introduced through the upstream array of holes. The rate constant predicted by Aubreton is sufficiently high that all the silane is consumed within 4.5 mm from the entry point. The maximum rate coefficient obtained by Piper is over three orders of magnitude smaller and thus predicts a slow, measurable rise in conversion. However, the rate constant is large enough that ∼75% of the silane should be consumed within 50.0 mm from the entry point. Our experimental results cannot be explained using either Aubreton or Piper's kinetics. Evidently, the silane undergoes a fast reaction with an active nitrogen species that is present at a concentration of about 3 × 10 14 cm −3 at the upstream silane inlet array. This comparison, along with the strong effect of the silane inlet position, confirms that the SiH 4 does not react directly with N atoms. From figure 7 , the rate constant for any direct N + SiH 4 reaction must be less than 8 × 10 −14 cm 3 s −1 . Otherwise, the SiH 4 conversion measured at 4.5 mm would not equal that at 50.0 mm. We can obtain a new upper bound for this rate constant by considering the experiments with the largest silane concentration, 4.2 × 10 15 cm −3 , since it generates the fastest forward rate. The error in each silane conversion measurement at this condition is ±0.5%. Using the model, the rate constant for any direct N + SiH 4 reaction must be less than 4×10 −16 cm 3 s −1 for the per cent conversion at 50.0 mm to be within 1% (twice the error) of that at 4.5 mm. This reduces the previously known upper bound for this reaction by a factor of 200 [12] .
The nitrogen intermediate that is reacting with the silane still remains to be identified. The electronically excited nitrogen molecules may be eliminated because their concentrations are too low, <9 × 10 12 cm −3 , to account for the silane conversions observed. A likely candidate for the unknown species is vibrationally excited molecular nitrogen, N 2 (X, v) [12] . It is possible to estimate the N 2 (X, v 4) density in the afterglow using a mass balance on N 2 (B, v = 0 to 12) and the profiles shown in figure 3 . A similar method was used by Diamy et al [29] Beyond 4 mm into the afterglow, the N 2 (A) concentration drops by two orders of magnitude, and the production pathways (R 3 ) and (R 7 ) become insignificant next to (R 1 ) [9] . However, by assuming that the dominant mode of N 2 (X, v 4) loss is helium quenching, we can fit the decay profile and extend it further into the afterglow. The fit, shown by the solid figure 8 , yields a He quenching rate constant of 1.8 × 10 −16 cm 3 s −1 . This value is in good agreement with unpublished results obtained at Physical Sciences, Inc. [34] . These studies also indicated that wall quenching of N 2 (X, v) is inefficient, with a quenching probability of 1×10 −4 per wall collision. Using this value, we estimate the loss due to wall quenching over the region 4.5 mm downstream of the silane inlet, including the mixing obstruction, to be approximately a hundredth of the number of molecules contained in that volume. Thus, the N 2 (X, v) density should not be appreciably reduced by collisions with the channel walls and mixing obstruction.
Using only helium quenching to extend the N 2 (X, v 4) profile yields a lower bound of the late afterglow concentrations since there would be some N 2 (X, v) production from the decay of electronically excited species. As an upper bound for the density, a simulation was run that assumed that all quenched N 2 (A) went into the N 2 (X, v 4) state. This fit is shown as the dashed line in figure 8 . The actual N 2 (X, v 4) concentration profile in the late afterglow should lie somewhere between these two fits.
From figure 8 , the estimated N 2 (X, v 4) density at the plasma-afterglow boundary is 1 × 10 16 cm −3 . At the upstream silane inlet array, the concentration drops to 8 × 10 14 cm −3 . By the time the effluent has reached the downstream array, the N 2 (X, v 4) density drops to between 2 × 10 13 and 1 × 10 11 cm −3 as predicted by the two decay models discussed above. This occurs despite the relatively small heliumquenching rate constant because of the high helium pressure in the system. The drop by more than an order of magnitude in N 2 (X, v 4) concentration mirrors the lack of silane conversion observed at the downstream inlet array. With this method, it is not possible to obtain a more specific distribution of the nitrogen vibrational levels. However, based on the density profile of N 2 (X, v 4), vibrationally excited nitrogen is most likely the species that reacts with silane in the afterglow.
It has been shown by Piper [18] that the rate of N 2 (X, v) quenching by silane is efficient, with a rate coefficient lower bound of 6×10 −13 cm 3 s −1 . In his previous study, there was no indication that the silane was dissociated by the energy transfer reaction [34] . Rather, the excited silane simply relaxed or was quenched back down to the ground state. A notable aspect of his study is that the nitrogen atoms were eliminated from the afterglow before silane introduction. In this work, any energy exchange between N 2 (X, v) and silane occurs in the presence of a high N-atom density. Dissociation of the silane may occur then by a two-step process, the first step being energy transfer between N 2 (X, v) and silane and the second step being dissociation of the excited silane by N( 4 S):
If in reaction (R 9 ) the silane were in its ground state, this step would be endothermic by 0.45 eV [12] . However, the transfer of two quanta of N 2 vibrational energy to the silane is sufficient to make the reaction exothermic [12, 35] . Obviously, the rate of (R 9 ) must be fast enough so that the excited silane does not get quenched by helium. We can use this condition to make a rough estimate of the rate constant for (R 9 ). The rate coefficient for excited silane quenching by argon has been found to be 6 × 10 −15 cm 3 s −1 [18] . Assuming this value holds for helium, the minimum rate constant of (R 9 ) would then have to be of the order of 1 × 10 −11 cm 3 s −1 to exceed the rate of helium quenching. An upper bound of 6 × 10 −10 cm 3 s −1 for (R 9 ) can be obtained for N and SiH 4 from hard-sphere collision theory [36] .
As demonstrated in Piper's N 2 (X, v)-SiH 4 kinetic study, ∼15% of the silane involved in reaction (R 8 ) can undergo v 3 excitation [18] . This corresponds to a SiH * 4 (v 3 ) density of ∼4.7 × 10 13 cm −3 . In spite of its small concentration, it is theoretically possible that emissions from v 3 -excited silane could interfere with the IR conversion measurements. However, were any SiH * 4 (v 3 ) emissions still present and interfering with the IR spectra taken 4.5 mm downstream of the silane inlet, the silane conversions measured at this position would not equal those obtained further down the channel. The fact that there is agreement at all positions sampled indicates that any excited silane must be consumed within 4.5 mm of the silane inlet. The excited silane can therefore be thought of as a short-lived, reactive intermediate. The importance of vibrationally excited nitrogen in the reaction between N( 4 S) and SiH 4 could account for the discrepancy in the rate coefficients found in the literature. As mentioned earlier, the study by Aubreton relied on N 2 quenching to eliminate N 2 (X, v) from the afterglow [11] . However, it has been shown that N 2 is an inefficient quencher of N 2 (X, v) [37] [38] [39] . Thus it is possible that vibrationally excited nitrogen was present in the system of the authors, causing them to observe an erroneously high rate coefficient for the direct reaction between N( 4 S) and silane. With a better understanding of the initiation steps, kinetic modelling can be used to identify the products generated in the afterglow. Presented in table 2 is a proposed mechanism based on our results, combined with a group of elementary reactions obtained from the literature. After the initiation process (R 8 ) and (R 9 ), the product NH radicals undergo a reaction with excess N atoms (R 11 ), thereby producing atomic hydrogen. The H atoms can dissociate a portion of the unreacted silane and the SiH 3 radicals, among other possible pathways (R 12 ) to (R 18 ). Recombination of the SiH x and NH x radicals leads to the formation of higher-order silanes and amino-silanes (R 20 ) to (R 24 ).
The concentration profiles predicted by the reaction mechanism for an initial silane density of 4.2 × 10 15 cm
are shown in figure 9 . The predicted silane conversion agrees with that observed by IR spectroscopy. The dominant stable products are molecular hydrogen and disilane. The latter product, with a concentration of 1.3 × 10 14 cm −3 , accounts for 87% of the silane converted. Using published disilane spectra and absorption coefficients [21, 24, 25 ], we calculate a detection limit of 6 × 10 14 cm −3 in the range of 2000-2400 cm −1 . Therefore, it may be concluded that the presence of disilane in the afterglow does not affect the IR absorption measurements for silane. The other silyl reaction products of note are Si 2 H 5 , SiH 3 , SiH, and SiH 2 NH 2 , which account for 7.5%, <0.5%, 2.7%, and 2.3% of the SiH 4 converted, respectively.
The results shown in figure 9 can also be used to explain key observations in our atmospheric-pressure silicon nitride Figure 9 . Concentration profiles for the species present in the afterglow of an atmospheric-pressure N 2 -He-SiH 4 R-PECVD process, as predicted by the reaction mechanism presented in table 2.
R-PECVD study [5] . The strongest effect on the deposition rate was from the distance the gas mixture travels before impinging on the wafer, with the rate falling sharply from 1100 to 0 Å min −1 over a distance of 15 mm [5] . The gas velocity in the R-PECVD study is approximately equal to that used in this work. Upon examination of figure 9, we find that the SiH 3 radical exhibits a large drop in concentration over this same distance, i.e. from 1.0 × 10 14 to 1.0 × 10 13 cm −3 . This suggests that SiH 3 plays a pivotal role in the PECVD process, consistent with prior work [48] [49] [50] [51] [52] . Another interesting result from our study of silicon nitride R-PECVD at atmosphericpressure was the dominance of N-H over Si-H bonding in the film. This is unexpected when the nitrogen precursor fed to the plasma is N 2 as opposed to NH 3 [5, [53] [54] [55] . We suspect that this may be due to the formation of SiH 2 NH 2 radicals, as shown in figure 9.
Conclusions
We have observed that the direct reaction between N( 4 S) and silane is slow, with a maximum rate constant of 4 × 10 −16 cm 3 s −1 . Numerical modelling based on our experimental results suggests that silane dissociation occurs rather via a two-step process. The first step involves energy transfer from vibrationally excited N 2 to SiH 4 , while the second step is the reaction between the activated SiH 4 and ground-state N atoms. Additional work is currently under way to verify this mechanism experimentally.
